INTRODUCTION
Viral haemorrhagic septicaemia virus (VHSV) is a rhabdovirus which is responsible for the most significant viral disease of cultured rainbow trout Oncorhynchus mykiss in continental Europe. Outbreaks of disease in European turbot Scophthalmus maximus aquaculture in the early 1990s (Schlotfeldt et al. 1991 , Ross et al. 1994 led to the realisation that viral haemorrhagic septicaemia (VHS) was not, however, an exclusively freshwater disease. Although VHSV was first recovered from the marine environment as early as 1979 (Jensen et al. 1979 ), a widespread marine distribution of the agent has only been recognised since the late 1980s, with the isolation of virus from an increasing range of wild-caught marine host species in North America (Brunson et al. 1989 , Hopper 1989 , Meyers et al. 1992 , Meyers et al. 1994 , Traxler & Kieser 1994 , Meyers & Winton 1995 , Meyers et al. 1999 , Traxler et al. 1999 , Japan (Takano et al. 2000) and Europe (Smail 1995 , 2000 , Mortensen et al. 1999 , King et al. 2001b , Brudeseth & Evensen 2002 . Indeed, over 150 isolations from a wide range of wild-caught marine host species have now been made in Europe alone.
Studies investigating the molecular evolution of VHSV have identified 4 major genetic groups of viruses (genotypes) , 2000 , EinerJensen et al. 2004 . Genotype I includes viruses isolated from disease epizootics in rainbow trout farms ABSTRACT: Viral haemorrhagic septicaemia (VHS) disease has exerted a significant impact on the development of turbot aquaculture in the British Isles. The source of such outbreaks is believed to be naturally occurring marine isolates of viral haemorrhagic septicaemia virus (VHSV), which are endemic in the marine environment of Northern Europe. Genetic studies have classified these marine VHSV isolates into genotypes based on their geographic rather than host-species origin. This study set out to explore the hypothesis that susceptibility of turbot to VHSV might be genotype specific. Immersion infection of turbot with a range of isolates, selected according to genotype, identified significant differences between susceptibility and genotype. Viruses belonging to Genotypes Ib (Baltic marine isolates) and III (North Sea/E. Atlantic marine isolates) caused significantly higher mortality than isolates from Genotypes Ia (isolates associated with rainbow trout aquaculture) and II (Baltic marine isolates). This study serves to highlight the importance of thoroughly investigating the susceptibility of any given species to the range of pathogens to which they might be exposed prior to considering them resistant to any disease. Furthermore, it highlights different risk factors that might be associated with turbot aquaculture undertaken in different environments. Finally, an increased knowledge of the relative virulence of different isolates in turbot will assist in understanding virulence determinants, which could lead to advances in disease control.
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Resale or republication not permitted without written consent of the publisher (Genotype Ia) along with a group of naturally occurring isolates originating from wild marine fish species residing predominantly within the Baltic Sea (Genotype Ib) (Benmansour et al. 1997 , Nishizawa et al. 2002 , Thiery et al. 2002 , Einer-Jensen et al. 2004 . Evidence suggests that an ancestor of marine Genotype Ib was the original source of introduction of VHSV into the rainbow trout industry (for review see Snow et al. 2004) . Since all marine isolates tested to date appear to be of low virulence to rainbow trout , the evolution of a virulent phenotype appears to have occurred within rainbow trout aquaculture, where genetic evolution of the virus is known to be accelerated (Einer-Jensen et al. 2004 ). An additional genotype (Genotype II) has also been shown to be present in marine fish species in the Baltic Sea , EinerJensen et al. 2004 . This genotype appears less prevalent than Genotype Ib (Mortensen et al. 1999 , Snow et al. 2004 , and to date has not been associated with losses in rainbow trout aquaculture. The final genetic group represented in Europe is Genotype III, which is distributed in wild marine fish species in the Eastern Atlantic, North Sea and Kattegat/Skagerrak (Benmansour et al. 1997 , Einer-Jensen et al. 2004 ). Genotype IV is composed of all North American isolates which to date have all been recovered from marine or anadromous fish species (Benmansour et al. 1997 , Mortensen et al. 1999 , Nishizawa et al. 2002 , Einer-Jensen et al. 2004 ). The susceptibility of turbot Scophthalmus maximus to VHSV was first demonstrated in 1984, using a freshwater rainbow trout strain of virus (Castric & de Kinkelin 1984) . A subsequent outbreak of VHSV in farmed turbot in Germany (Schlotfeldt et al. 1991) confirmed the natural susceptibility of this species. The causative virus in this instance was later shown to belong to Genotype Ia, and was most likely introduced as a direct result of rainbow trout farming activities (Schlotfeldt et al. 1991 , Snow et al. 2004 . Further VHS disease outbreaks in turbot farms in the British Isles have been shown to be caused by Genotype III viruses, which highlights a direct risk to the commercial culture of this species from an endemic reservoir of marine virus (Ross et al. 1994 . The susceptibility of turbot following water-borne infection to 2 Genotype III viruses (UK-860/94 and DK-4p168) has also been experimentally demonstrated (Snow & Smail 1999 , King et al. 2001a . In these studies, average cumulative mortalities of 71.1% (Snow & Smail 1999 ) and 66.3% were obtained for Isolates UK-860/94 and DK4p168, respectively (Table 1) (King et al. 2001a ). Susceptibility testing using additional isolates suggested that different genotypes of VHSV cause different levels of mortality in turbot as they do to trout (Table 1 ) (King et al. 2001a) .
Since previous virulence studies have only included limited numbers of isolates from Genotypes II and III, this study was initiated to further investigate the relationship between virus genotype and virulence in turbot. The potential for anthropogenic movements associated with aquaculture to expose cultured species to virus of differing geographic origin render this an important issue to address. In addition to highlighting relative risks to turbot farms located in different geographic regions, the identification of viruses exhibiting different pathogenicity in turbot will facilitate further research aimed at identifying potentially species-specific pathogenicity determinants in this important fish rhabdovirus. 
MATERIALS AND METHODS
Fish. Turbot Scophthalmus maximus (mean weight ± SE, 4.6 ± 0.9 g) were obtained from Mannin Seafarms, Isle of Man. Fish were tested for the presence of infectious pancreatic necrosis virus (IPNV), infectious haematopoietic necrosis virus (IHNV) and VHSV prior to the experiment. Organs collected from a total of 30 fish (pooled into 6 samples of 5 fish each) were virologically examined using previously described methods (Snow & Smail 1999) . Fish were acclimated for at least 14 d after arrival at the laboratory and were fed a commercial diet and maintained on a photoperiod of 12 h day:12 h night at 10 ± 1°C in aerated sea water (sand filtered from Nigg Bay, Aberdeen) throughout the trial.
Cell culture and virus propagation. Viruses selected from the different genotypes and used for all challenge experiments are detailed in Table 2 . Stocks of virus were grown on the bluegill fry caudal trunk cell line (BF-2) (Wolf & Quimby 1966) in Eagles minimum essential medium (Gibco BRL, Life Technologies) supplemented with 5% foetal bovine serum (EMEM-5). Challenge virus stocks were prepared following a maximum of 6 passages in cell culture in each case. Each virus was diluted in EMEM-5 to give a final dose of 10 9 TCID 50 ml -1
, which was added to 10 l water to provide a challenge dose of 10 5 TCID 50 ml -1 . Experimental infection. Triplicate groups of turbot (n = 23 to 33; Table 2 ) were transferred into clean polythene bags containing 10 l seawater which were then each placed in a clean 30 l tank. Aliquots of each virus, prepared as above, were poured into each of the triplicate bags for each isolate. Triplicate controls were also set up where EMEM-5 containing no virus was added to each bag. Polythene bags were tied to contain aerosols and reduce the risk of cross-contamination between tanks. Each tank received aeration for the duration of the challenge (5 h), after which time the fish were carefully released and normal flow rates (50 l h -1 ) established to raise the volume in each tank to its normal level (30 l).
Sampling regime. Fish were checked twice daily and mortalities were removed, stored whole at -80°C and individually sampled at a later date for virological examination as previously described (King et al. 2001a) . The experiment was terminated on Day 69 when surviving fish were euthanased and organs sampled from pools of 5 fish for virological examination (kidney, spleen). All cell cultures showing evidence of CPE were tested by ELISA using a commercial diagnostic kit according to the manufacturer's instructions (Test-Line Limited Clinical Diagnostics) to confirm the presence of VHSV.
RESULTS

Infection of turbot with VHSV
A summary of the mortality data obtained following immersion infection of turbot with different isolates of VHSV is detailed in Table 2 . All mortalities were virologically evaluated for the presence of VHSV which was confirmed by subsequent ELISA. Of 455 mortalities overall, 432 were attributable to VHSV and thus only these were considered for analytical purposes. Non-specific mortalities accounted for 0.013 of all experimental fish. These deaths were not distributed uniformly over the 18 isolates and control group, as measured by a chi-squared goodness of fit test (χ 2 = 52.175, df = 18). The largest number of unexplained deaths (7) occurred with isolate DK-1p125, and 5 unexplained deaths occurred with isolate DK-1p55 ( Table 2) .
The results from replicate tanks are fairly consistent, with the exceptions of the tanks infected with virus isolates DK-1p121, DK-1p12, DK-1p54 and DK1p55. In the case of Isolate DK-1p121, one replicate tank had 11 deaths due to VHSV, while there were 4 and 1 such deaths in the other 2 replicate tanks. For Isolate DK-1p12 there were 8, 19 and 13 mortalities in replicate tanks. For both DK-1p54 and DK-1p55, 1 replicate tank had 5 mortalities while the other 2 replicates had none. In these cases, overdispersion was indicated; that is to say, the variance in the 3 numbers of deaths, from the 3 replicate tanks treated with the same isolate, was larger than their mean, when these 2 estimates would have been expected to be approximately equal.
Overall mortalities attributable to VHSV for each isolate ranged from 0 (control group and DK-1p49) to 0.787 (IR-F13.02.97) and are ranked in Table 3 . A generalized linear mixed model was fitted in GENSTAT, where genotype was taken to be a fixed effect and isolate was taken to be random. The binomial distribution was assumed and the link function was the logit. The overdispersion referred to above was taken account of in the model fitting. The effect of genotype was found to be significant, with Genotype III having a higher probability of death than Genotype Ia, Ib and II. However, the difference between Genotypes III and Ib is of borderline significance. It is seen in distinct clusters. The probabilities of mortality for the 4 genotypes along with 95% confidence limits are shown in Fig. 1 . The day on which the first mortality due to VHSV was found in each tank was considered and Fig. 2 shows proportion of mortalities plotted against day of first death for all tanks in which at least one mortality took place. There is evidence that where mortalities due to the virus were most prevalent the first such death took place early in the monitoring period. The earliest VHSV death occurred on Day 13 of monitoring in one tank replicate of Isolate DK-4p168 (data not shown). The first and only death in a tank replicate of Isolate DK-3592B occurred on Day 61 (data not shown). A Spearman's rank correlation coefficient of -0.714 (p < 0.001) was computed for the 42 tanks in which at least one mortality occurred, indicating a significant negative association between proportion of mortalities and day of first death. 
DISCUSSION
Fish were challenged via a water-borne route, thus better reflecting natural VHSV infection, which is believed to occur by horizontal transmission of waterborne virus (Wolf 1988) . Using this infection method, we have identified a relationship between the genotypic classification of VHSV isolates and their virulence in turbot. All isolates tested from Genotypes Ia (rainbow trout freshwater isolates) and II (Baltic marine isolates) resulted in low mortality in turbot (≤5.7%), with no significant difference in mortality between isolates belonging to these groups. This supports previous preliminary observations that isolates from these genotypes cause low mortality in turbot following immersion infection (King et al. 2001a ). The single North American isolate tested (Genotype IV) also resulted in low mortality, similar to that obtained with Genotype Ia and II isolates. All isolates representing Genotypes Ib (Baltic marine isolates) and III (North Sea, E. Atlantic isolates), however, resulted in significantly higher levels of cumulative mortality in turbot than isolates from Genotypes Ia and II. The highest levels of mortality were obtained with Genotype III isolates, though the difference between mortalities obtained with Genotype Ib was of borderline significance. This was due largely to the fact that one isolate in each of these groupings had a high mortality compared to the other isolates that inflated the variance associated with each data-set. Mortality obtained using Genotype Ib isolates in this and other studies ranged from 18.0 to 44.9% and 0.9 to 39.0% (Table 1) . Furthermore, in this study, one Genotype Ib isolate (DK-1p12) resulted in higher mortality than a Genotype III isolate (MLA98/4PT1) ( Table 3) . Taken together, these data suggest that Genotype Ib isolates cause a range of mortality levels in turbot and that genotype cannot be used as a reliable predictor of mortality in this case. Interestingly, in all studies the lowest mortalities attained using Genotype 1b isolates were using isolates derived from sprat (DK-1p86, 0.9%, King et al. 2001a; DK-1p121, 18.0%, this study) . The number of isolates tested in this study was, however, not sufficient to determine a relationship between virulence in turbot and host species from which the original isolation was made.
Individual mortalities were virologically tested to specifically identify the cause of death as VHSV. This method was selected over potentially more sensitive methods (e.g. RT-PCR) since viable virus should be recoverable from all mortalities resulting from clinical VHSV. This is emphasised by the recovery of VHSV, from approximately 99.0% of mortalities in this trial. The cause of death in the remaining 1.0% of mortalities recorded in this trial could not be directly attributed to VHSV. These fish, the distribution of which was not uniform over the different isolates, were excluded from the data analysis. Indeed, over half of these events occurred in only 2 of the 57 tanks used in this study. These mortalities may have been caused by environmental conditions in these tanks or by pathogens other than VHSV.
Although mortalities obtained in replicate treatments were generally consistent, some variation was noted. This may be due to variability in uptake and dissemination of virus in individual fish resulting in differing or prolonged secondary challenge of cohabiting fish. In addition, virus shed from infected fish could differ from the original tissue-culture-grown virus which could account for variability following secondary challenge.
Cumulative percent mortalities obtained for isolates which have been previously tested in our experimental facility have revealed some variation in the results obtained compared to this study (Table 1) (Snow & Smail 1999 , King et al. 2001a ). Other workers have also reported mortality of 24.0% in juvenile turbot following water-borne infection with Isolate 07-71 (Genotype Ia) (Castric & de Kinkelin 1984) . The same isolate was, however, responsible for mortality of 1.1% in this study. These findings serve to emphasise the variability inherent to fish challenge experiments and highlight a need to exercise caution in directly comparing the results of independent experiments. Such variability could be a result of a wide range of factors including differences in the challenge virus preparation, different husbandry conditions and the use of different life stages or genetic stocks of fish. The overall trend in relative mortalities obtained by studies comparing isolates from multiple genotypes was, however, consistent and supports the trends identified in this study.
A general trend was identified which indicated that the occurrence of first mortality was related to the cumulative level of mortality obtained with isolates. The earliest deaths were thus associated with Genotype Ib and III isolates. Earlier death could result from a more efficient replication of these viruses within the host, which may be related to the ability to evade or interfere with the host innate immune response. Mortality has previously been shown to be dose dependent in turbot and to also be prevented by elevated temperature (Castric & de Kinkelin 1984) . The production of interferon was proposed to explain the lack of susceptibility at such temperatures (Castric & de Kinkelin 1984) . Interestingly, a number of interferon responsive genes have recently been shown to be expressed in rainbow trout as a result of early infection with VHSV (O'Farrell et al. 2002) . Different interaction with the host interferon system might thus account for the variation in relative virulence of VHSV isolates observed in this study.
Although the mechanisms governing the virulence of VHSV remain unclear, it is evident from this study that virulence in turbot is related to genotypic classification. Indeed, virulence in turbot was related to the geographic distribution of isolates rather than the host species from which they were recovered. The genotypic classification of VHSV has been shown to be independent of the genomic region used for phylogenetic analysis (Einer-Jensen et al. 2004 , Snow et al. 2004 ). This suggests that differences in the apparent virulence properties between genotypes are associated with their divergent evolution. Whether these virulence factors resulted from positive selection or were fixed within each genotype as a result of chance remains unclear. In the case of the latter scenario, the relative genetic stability of naturally occurring marine VHSV (Einer- Jensen et al. 2004 ) may contribute to the conservation of phenotypic properties observed within genotypes. Analysis of the relative virulence of further marine isolates of VHSV in turbot will no doubt further determine the extent to which genotype can be used to predict virulence properties in this species.
In summary, we have identified a correlation between the genotypic classification of VHSV isolates and levels of mortality obtained in turbot following waterborne horizontal infection. Such information is of significance in assessing the risk factors associated with the development of turbot mariculture in different geographic areas and resulting from anthropogenic activity. The demonstration that Genotype III isolates caused the highest mortalities highlights the risk to turbot culture conducted where these viruses are endemic. This is supported by the isolation of Genotype III isolates from 2 outbreaks of clinical VHS in turbot farmed in the British Isles (Ross et al. 1994 , Snow et al. 2004 . It remains to be seen whether the genotypic classification of isolates will prove a robust and useful marker of predicted virulence in turbot. The identification of such virulence trends is, however, of fundamental importance to understanding virulence determinants, which in the case of VHSV appear to be species specific.
